Polar Assembly of Clover Yellow Mosaic Virus
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SUMMARY
Clover yellow mosaic virus (CYMV) protein encapsidates its RNA at pH 7.5, low ionic strength and at a temperature of 25 °C. Protected RNA fragments extracted from the initiation complexes contained the cap structure mTGpppGp in the stoichiometric proportions expected for fragment sizes. These results were consistent with the location of the initiation site for assembly at or near the 5' end of R/qA; consequently, the maturation process is polar (5' to 3' direction). This strengthens the case for polar initiation as an alternative to internal initiation in the assembly of helical plant viruses.
In earlier investigations, we have shown that the initiation process of the assembly of tobacco rattle virus (TRV) and papaya mosaic virus (PMV) begins at or near the 5' end of the RNA (AbouHaidar & Hirth, 1977; AbouHaidar & Bancroft, 1978 b) . However, the initiation of tobacco mosaic virus (TMV) assembly, unlike TRV and PMV, has been shown to be internal (Zimmern & Wilson, 1976; Lebeurier et al., 1977; Butier et al., 1977) . In order to determine if the assembly of helical viruses is polar in genei~al, we have extended our observation to clover yellow mosaic virus (CYMV) and demonstrated that, unlike TMV, the initiation site for the assembly is located at or near the 5' end of CYMV RNA and that consequently the maturation process is polar (5' to 3' direction).
CYMV was propagated in broad bean plants. After 5 days of infection, stems were cut and placed in water containing 1 mCi/ml [32P]orthophosphate (1 to 2 mCi/plant) for a further period of 5 days. CYMV protein and CYMV RNA were prepared as described previously . Initiation complexes were made as follows: 32p-labelled CYMV RNA at 2 to 5 mg/ml in water was preincubated at 25 °C for 2 to 5 min and then mixed with similarly preincubated CYMV protein in 0.01 M-tris-HCl buffer pH 7.5, with a final RNA to protein ratio of 1:5 (w/w). The mixture was incubated at 25 °C for 2 h and then centrifuged at 38000 rev/min in a Beckman R50 rotor for 5 h. Pellets were suspended in 1 to 2 ml tris-HCl buffer and incubated with RNase T~ (Sankyo, Tokyo, Japan) at 1 unit enzyme/25 /zg RNA for 30 min at 30 °C to degrade unencapsidated RNA. Nucleoprotein particles were sedimented by centrifugation at 38 000 rev/min in a Beckman R50 rotor for 6 h. Pellets were resuspended in 0.5 to 1 ml 0.01 M-tris, 1 mM-EDTA buffer pH 8. RNA was extracted from nucleoprotein particles with water-saturated phenol containing 1% SDS, washed with ether and precipitated with 2 vol. 95 % ethanol. The fragments of CYMV RNA protected by the protein were fractionated by electrophoresis on a 0-1 × 10 x 30 cm slab polyacrylamide gel of three different concentrations (4, 7 and 10%) containing 7 M-urea. Electrophoresis was performed as described elsewhere (AbouHaidar & Bancroft, 1978 b) . The different bands were localized on the gel by autoradiography, transferred to circles of DEAE-cellulose paper and then eluted by triethylamine bicarbonate (AbouHaidar & Bancroft, 1978b) . The protected RNA fragments were tested for the presence of the 'cap' by nuclease digestion and paper electrophoresis as described previously (AbouHaidar & Hirth, 1977; AbouHaidar & Bancroft, 1978a) . Base ratio determination, radioactivity measurements, electron microscopy preparation and size distribution of particles were carried out as before (AbouHaidar & where ni is the number of particles in the i th length class and li is the median length for the i th length class. When CYMV R N A and CYMV protein are mixed at an R N A to protein ratio of 1:5 (w/w) and incubated in 0.01 M-tris-HC1 buffer pH 7.5, at 25 °C for 2 h, they self-assemble to produce nucleoprotein particles which resemble native CYMV (Fig. 1 a) . Similar results are also obtained for shorter incubation periods (15 to 30 rain) (see also .
The number and weight averages of these particles were 64 nm and 96 nm respectively (Fig.  1 b) , the length of CYMV being 540 nm.
R N A fragments encapsidated by the protein were extracted from nucleoprotein particles by phenol containing 1% SDS and subjected to electrophoresis on a polyacrylamide gel. Twelve different major bands of R N A varying in length from about 200 to 2000 nucleotides were resolved by comparison with the t R N A marker; the size of the shortest R N A fragment recognized by the protein was estimated to be about 200 nucleotides. The estimate of size of these fragments corresponded to that of the stable nucleoprotein particles (Fig. 1) . Bands 1 to 12 from the acrylamide gel were cut out and the R N A fragments were transferred to DEAE-cellulose paper by electrophoresis and then eluted from the paper and hydrolysed with the RNases T1, T 2 and A. The digest was then analysed by electrophoresis at pH 3.5 on DEAE-cellulose paper. Fig. 2 shows that all the R N A fragments originating from the nucleoprotein particles contained a structure similar to that of mTGpppGp from TMV R N A Electropherogram of a total digest with RNases T~, T 2 and A of RNA fragments obtained from the partial assembly of CYMV RNA and protein in a 0.01 M-tris-HCl buffer pH 7.5 (RNA to protein ratio is 1 : 5, w/w). The fragments of RNA were first fraetionated by electrophoresis on a polyaerylamide slab gel (4, 7 and 10%), then recovered from the gel and digested with nucleases. The size of RNA fragments progressively decreases from band 1 to 12 (see Fig. 1 b) . Electrophoresis was carried out on DEAE-cellulose paper in 0.5% pyridine, 5% acetic acid buffer pH 3.5. O is the origin and X is the position of the blue marker xylene cyanol FF. The position of mTGpppGp marker is indicated.
(M. AbouHaidar, unpublished results). Spots corresponding to the 5' terminus were redigested with nucleases and re-electrophoresed on DEAE-cellulose paper. The material migrated with the same electrophoretic mobility indicating that the cap was not contaminated with other oligonucleotides. Knowing that the cap contains four phosphate groups, we were able to calculate the ratio of radioactivity present in the cap to that in the four nucleotides. We found that the ratio varied from about 0.2% in band 1 (2000 nucleotides) to about 2% in band 12 (200 nucleotides). The size of RNA fragments calculated from these ratios corresponded to that estimated on the polyacrylamide gel or deduced from the size distribution of nucleoprotein complexes (Fig. I) . This result indicates that every initiation fragment of RNA contained the cap structure in the stoichiometric proportions expected for the fragment size and consequently, that the initiation site for the assembly of CYMV is located within the 150 to 200 nucleotides of the 5' end of the RNA. Poly(A) sequences which are located at the 3' OH end of the RNA (M. AbouHaidar, unpublished results) were not found in the initiation complexes. R N A fragments isolated from the initiation complex were recognized and re-encapsidated by CYMV protein in the same assembly conditions (i.e. pH 7.5). Base ratios in the RNA fragments protected by the protein were similar to those of total RNA (data not shown).
CYMV was shown to assemble best at neutral pH and low ionic strength. The assembly of CYMV is inhibited by moderate ionic strength and by low temperature . It was suggested for PMV, that this inhibition was due to the RNA which must be in suitable configuration to allow reconstitution to occur . The initiation of the self assembly in vitro of TRV, PMV and CYMV has been shown to be located at or near the 5' end of the RNA (AbouHaidar & Hirth, 1977; AbouHaidar & Bancroft, 1978b) and consequently the maturation proceeds in a polar fashion (5' to 3'). The location and modalities of the initiation of TMV assembly (Zimmern & Wilson, 1976; Lebeurier et al., 1977; Butler et al., 1977; Zimmern, 1977) are quite different from the other helical viruses. It was suggested that the difference in modes of initiation and maturation might be reflected in the differences in ionic strength needed for the assembly of TMV and PMV (AbouHaidar & Bancroft, 1978b) ; however, this seems unlikely as TRV assembly (AbouHaidar & Hirth, 1977) and PMV assembly under conditions of non-specificity (AbouHaidar & Bancroft, 1980) can occur at high ionic strength and proceed in a polar fashion. It is also worth noting that PMV protein, unlike TMV protein, has an RNA melting activity which is paradoxically inhibited by moderate ionic strength (Erickson & Bancroft, 1981) . It was also suggested that the central canal of potexviruses is too small to accommodate an RNA loop similar to that of TMV ; but TRV which has a larger diameter canal also assembles in a polar fashion (AbouHaidar & Hirth, 1977) . It is conceivable that the two types of initiation strategies of TMV and the other helical viruses are a direct consequence of the structure and the topography of the assembly unit. In the case of TMV, the assembly unit is able to recognize an internal loop of RNA and allows the maturation to proceed in two directions; however, in the other helical viruses the structure and topography of the assembly unit in combination with the nucleotide sequence of the 5' end of the RNA must be thermodynamically favourable to trigger the conformational changes necessary to start the helices. In the latter case, the maturation should proceed in one direction (5' to 3'), since it has been shown ) that the maturation is regulated by the initiation. A more detailed idea of the structure of the initiating regions of PMV and CYMV may be gained from the nucleotide sequences of these regions which are presently under investigation.
It is possible that in vivo the polar assembly can be linked to other functions. The synthesis of plus-strand RNA presumably proceeds in the 5' to 3' direction. The translation (also 5' to 3') might be coupled to the replication. The gene for the replicase is assumed to be located at the 5' end and the capsid protein gene is located towards the 3' end (M. AbouHaidar, unpublished results). Consequently, the assembly could regulate the translation of the replicase by competing with the ribosomes for the 5' end.
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